Black coatings are used in infrared instruments for the suppression of stray and scattered photons. We previously reported on a diamond-like carbon (DLC) coating that exhibited extremely low outgassing for high vacuum applications 1 . The nature of the plasma deposition process limits the shapes that can be coated to flat plates or openended tubes. Additionally, the IR reflectivity, though low, is highly specular, which can be problematical in certain situations.
INTRODUCTION
One goal of good optical design is to prevent stray light from reaching detector elements, where it can degrade image quality or signal to noise ratio. In spectroscopic instruments stray light can introduce spurious spectral features or mask real ones. Stray light can originate at reflections from transmitting surfaces, bulk or surface scatter from optical components, and undesired orders from diffractive elements. When stray light cannot be suppressed at its source absorptive coatings are used to reduce its effect. Paints are the most common since they are cheap and easy to apply. Black coatings may also be produced by vacuum deposition or electrochemical processes.
For work in the infrared additional considerations come into play. Warm objects radiate infrared photons and are another source of stray light. Optical and structural components often requiring cooling to suppress this. At cryogenic temperatures there can be significant differential contraction between coating and substrate. The coating must be robust enough to not crack, peel, or shed particles. Cryogenic components are usually housed in a vacuum dewar to minimize the cooling requirements. This imposes the additional need for vacuum compatibility. The tolerable level of outgassing depends on the surface area of the coating and the type of pump used to maintain the vacuum. If high speed mechanical pumps are used or if liquid cryogens provide cryopumping as well as cooling, then the requirements are less restrictive. In some applications the vacuum chamber must be sealed and only passive pumping (i.e. getters) is permitted 2 . This limits the number of acceptable black coatings to those with low outgassing.
Previous work demonstrated the use of DLC as a very low outgassing black coating for the long wave infrared (LWIR). However, DLC has some practical limitations. It can be costly due to the expensive plasma enhanced chemical vapor deposition (PECVD) equipment required. Additionally, the process, developed for coating the internal surfaces of long pipes, requires an oscillating gas flow. It works well with flat plates supported in the flow as well as with open structures. But the process works poorly on partially closed volumes or parts with recessed areas that the oscillating flow cannot reach.
We decided to investigate other black coatings. Infrared absorption may not always be inferred from visual appearance and so must be measured. More accurate and more comprehensive spectral reflectivity measurements were possible with a hemispherical directional reflectometer at the US Army Night Vison and Electronic Systems Division (NVESD). This instrument measures both specular and diffuse reflectivity over a range of incidence angles from the short wave infrared (SWIR) to the LWIR (2.0 to 25 µm). We also measured the near normal incidence specular reflectance for some materials from the UV to the SWIR (200 to 2500 nm) using a Perkin Elmer Lambda 1050 spectrophotometer.
We repeated the reflectance measurements on DLC with this newly available instrument. In addition, we measured the reflectance of other materials of interest. These included another vacuum deposited coating, three paints and several electrodeposited coatings. The electrodeposited coatings are particularly appealing because they are generally free of organic materials, tend to be very thin, and provide good coverage of hard-to-reach surfaces.
Section 2 describes the operation of the hemispherical reflectometer. Experimental reflectance measurements of a number of black coatings are given in section 3. Section 4 describes the vacuum characteristics of some of these coatings. We used black coating to construct a light trap/air vent that allows air to be pumped out of a trapped volume but essentially blocks the passage of light. This is described in section 5. A summary of the results and conclusions is found in section 6.
EXPERIMENTAL SETUP FOR MEASURING HEMISPHERICAL REFLECTANCE
Previous hemispherical reflectance measurements made on DLC coatings used a 10.6 µm wavelength CO2 laser and a diffuse gold integrating sphere with ports 90 degrees apart. As a result, the hemispherical reflectance was only measured at a single wavelength and only at near normal incidence. A second system, consisting of a Perkin Elmer Fourier transform infrared (FTIR) spectrometer with a reflectivity attachment, measured specular reflectivity from 2.5 to 25 µm wavelength but only at 45º incidence. These two measurements together did not fully characterize the hemispherical spectral reflectivity.
For this work we used a Surface Optics Corporation SOC-100 Hemispherical Directional Reflectometer at the US Army Night Vison and Electronic Systems Division (NVESD). This instrument measures specular and hemispherical diffuse reflectivity over the spectral range of 2.0 to 25 µm for incidence angles ranging from 7 to 80 degrees. A schematic layout of the reflectometer is shown in figure 1 . Radiation from the black body source at one focus of a hemi-ellipsoidal mirror is collected and directed onto the sample at the other focus. The sample is thus illuminated over a full hemisphere. An overhead mirror collects radiation scattered at angle qi. By reciprocity this is equivalent to illuminating the sample in a narrow cone around incident angle qi and collecting the radiation scattered into a full hemisphere. The result is the total hemispherical reflectance at qi incidence. The collected radiation is directed via a transfer mirror to a Nicolet FTIR spectrometer to measure the reflectance as a function of wavelength (2.0 to 25 µm).
One would like to distinguish between the specular and diffuse contributions to the total hemispherical reflectance. Knowing the location of the overhead collection mirror a small non-reflective plate can be positioned to block the radiation coming off the ellipsoidal mirror that, if striking the sample, would have been specularly reflected to the collection mirror. With the specular contribution blocked the instrument now measures hemispherical diffuse reflectance. The specular reflectance is then obtained by subtracting the hemispherical diffuse reflectance from the total hemispherical reflectance. The positioning of the collection mirror and the beam blocker (when used) are automatically controlled by the instrument software. Figure 2 shows the internal optical components of the SOC-100.
EXPERIMENTAL RESULTS
We measured the total, diffuse and specular spectral reflectance on a number of black coatings prepared on aluminum substrates. The SOC-100 requires only a 1 inch by 1 inch area for a reflectivity measurement. The coatings can be grouped into three categories: vacuum deposited coatings, paints, and electrodeposited coatings. Each has its advantages and disadvantages. Vacuum deposited coatings can yield the lowest reflectivity but require expensive processing equipment. The deposition often requires high temperatures making it unsuitable for some substrate materials. Paints are generally cheap and easy to apply with standard spraying equipment. One needs direct access to the surfaces being coated. The thickness of a painted coating may cause fit up problems. Paints very often contain organic compounds that outgas. Proper formulation is needed to ensure good adhesion at cryogenic temperatures. Electrodeposited coatings can be very thin so there is minimal effect on dimensional tolerances and no concern for CTE mismatch during cryogenic temperature cycling. Deposition is done at ambient temperatures and, can uniformly coat complex shapes. Electrodeposited coatings can be formulated with only inorganic components.
The vacuum deposited coatings we tested include DLC deposited on smooth and roughened aluminum substrates by Sub-One Technology, Inc. (now a subsidiary of Duralar Technologies) and Acktar Ultra Black. The spectral reflectance is shown in figures 3, 4 and 5. The Sub-One process for depositing DLC leaves an extremely smooth outer surface. As a result, interference can be set up between reflections from the outer surface and the substrate. The interference fringes can be clearly seen in figure 3 . The measured reflectivity is consistent with that reported in a previous paper 1 . When the substrate is roughened, the fringe amplitude is greatly reduced, yielding a reflectance of around 15 % that is purely specular for wavelengths greater than 6 µm. Both samples of the DLC coating were deposited on aluminum plate 2.5 inches x 1 inch x 0.25 inch. Acktar Ultra Black is one of a family of black coatings produced by Acktar, Ltd of Israel. We tested a sample of Acktar Black deposited on one side of a 3 cm x 3cm x 0.3 cm aluminum plate. The reflectivity starts out very low (<2%) and then the specular component increases beyond 10 microns.
We tested several paints: Cat-a-Lac Black (now known as 463-3-8), a two-part epoxy-based paint made by Azko-Nobel, Avian Black S, a two part water-based urethane paint made by Avian Technologies, LLC, and Rustoleum flat black, an inexpensive spray paint. A 4 inch by 4.5 inch aluminum plate was spray painted on both sides with Cat-a-Lac and airdried. Next it was vacuum baked at 110ºC for 50 hours to drive off organics and then stored in ambient air. Figure 6 shows the reflectance of Cat-a-Lac. The specular reflectance remains below 2% out to 20 µm wavelength. Total hemispherical reflectance stays below 8 to 9% out to 20 µm. Avian Black is applied by standard spraying equipment. While designed for shorter wavelengths in the infrared it performs surprisingly well as seen in figure 7. Specular reflection is only a few tenths of a percent and total reflectivity is less than 4%. We tested Rustoleum flat black paint sprayed on an aluminum plate to see how well an inexpensive paint could work. It is widely available commercially and we have used it in some non-vacuum applications. The results are shown in Figure 8 , with the hemispherical reflectance mostly less than 10% in the 2-10 µm region, and 10-35% at longer wavelengths in the infrared.
Black nickel coatings have been around for many years. They have been applied to blacken surfaces of optical instruments from the UV to the IR. A military specification, MIL-P-18317, describes this coating. Many plating vendors have a version of black nickel that meets this specification. For surfaces not suited for DLC coating we have used a black nickel coating on media blasted aluminum deposited by Fountain Plating of West Springfield, MA. Unlike some other black nickels, this coating has a matte not shiny finish and its color is black not grey. Its spectral reflectance is shown in figure 9 . The reflectance is comparable to DLC in the LWIR and it has proven to be good in vacuum. Unfortunately, this coating has been discontinued by Fountain Plating and we started testing black nickel coatings from other vendors.
We received samples of black nickel on silica blasted aluminum from 2 different processes developed by Metal Chem, Inc. of Greer, SC. Meta Black EN 1 and EN 2 represent 2 different electroless nickel baths used prior to blackening. Both samples appeared shiny grey by eye. The spectral reflectance for both processes were similar with total hemispherical reflectance in the 40% to 50 % range around 10 µm wavelength and a large specular component.
We tested a black nickel sample from another vendor, Pioneer Metal Finishing. The surface was shiny and grey in the visible. Its spectral reflectance is shown in Figure 10 . Around 10 µm the hemispherical reflectance approached 80% with a specular reflectance of near 60 %.
For our application Pioneer recommended another coating process they offer called Optical Black Anodize. It is an oxide process but no organic dyes are used and should therefore be vacuum compatible. The samples received were dark black with a matte finish. They did not appear to easily shed particles. Figure 11 shows the reflectance properties which are quite good. The specular component is less than 1% and appears to be close to the noise level of the instrument. Total hemispherical reflectivity is just over 2% at 10 µm and remains below 6% out to 12 µm.
For several of the materials (Rustoleum Flat Black spray paint, black nickel from Fountain Plating, black nickel from Pioneer Metal finishing, and Optical Black anodize from Pioneer Metal Finishing), the near normal incidence reflectance was measured over the UV to SWIR (0.
VACUUM CONSIDERATIONS
High vacuum is necessary for cryogenic operation of infrared detectors. Anything that impairs the level of vacuum such as leaks, permeation, or outgassing may limit the ability to efficiently reach the operating temperature of the detector. Leaks and permeation may be held to tolerable levels by attention to seals and sealing surfaces. Outgassing is affected by the choice of materials and control of unwanted contaminants. A single fingerprint on an internal surface can ruin a vacuum until the volatile organics in the print are pumped away. When blackening of surfaces is required, the choice of material can critically affect the vacuum performance. Inorganic materials are preferable. Volatile solvents, as found in some paints, may degrade the vacuum.
High temperature baking in vacuum can free a surface of outgassing contaminants provided that more contamination cannot diffuse in from material beneath the surface. However, infrared detectors are damaged at high temperatures and so only limited baking is possible. One approach is to vacuum bake non-detector components to drive off organics, assemble the entire system with the detector, and then pump on the complete system.
Analysis by mass spectrometer of the residual gases in a good vacuum system often shows the dominant species is water vapor. Being a polar molecule, water has an affinity for all surfaces, blackened or not. Its binding energy is in a problematical range. Not so low that it is easily released and pumped away and not so high that it is too tightly bound to outgas. Surfaces that have been vacuum baked but then exposed to ambient air regain their initial layers of bound water molecules within several hours 3 . This limits the utility of the strategy mentioned in the previous paragraph. High temperature vacuum baking will remove organics and water from blackened surfaces. But the all the water will return if exposed to ambient air for more than a short amount of time.
Since water vapor adsorption is a surface phenomenon, the amount of water adsorbed on a blackened surface is proportional to the effective area. For a perfectly smooth surface this is the geometric area. Many blackening treatments produce a rough or textured surface. This is often the mechanism for achieving very low reflectivity so that light experiences multiple interactions with the surface structure before escaping. Unfortunately, this results in an effective area for water adsorption that is many times the geometric area. An example of this is Martin Black 4 . The surface is very black with almost no specular component of reflectivity, but its outgas rate even after prolonged vacuum baking is over 100 times greater per unit area than common black paints. In a system with an attached vacuum pump this may be acceptable, but not in a sealed dewar relying only a getter pump. There is fundamental tradeoff that one must make between a highly textured surface with very low reflectivity but high outgassing of water vapor and a smoother but higher reflectivity surface with lower outgassing.
Quantitative measurements of outgassing can be made with apparatus consisting of two chambers linked by a narrow orifice. The sample under test is placed into one chamber, while the other chamber is pumped. If the chambers have been prebaked to minimize their outgassing contributions, the outgas rate from the sample is simply the conductance of the orifice multiplied by the pressure difference between the two chambers.
An outgassing measurement was made on a Cat-a-Lac black sample using the same apparatus described above 1 . Three aluminum plates 11.8 cm x 14.3 cm were spray painted on both sides with Cat-a-Lac and air dried. They were then vacuum baked at 110ºC for 50 hours to drive off organics then exposed to ambient air. After 37.5 hours of pumping in the test chamber the outgas rate was measured to be 6.3 x 10 -9 torr •liter/sec•cm 2 . The dominant species seen by the RGA were H2O, H2, CO2, and CO. Species with molecular weight greater than 45 were at background level. These measurements were consistent with ones made by Erikson on MH-2200 solar absorbing black paint 5 .
We plan to make quantitative outgassing measurements on some of the other black coatings described in this paper. But progress has been limited by the availability of the specialized apparatus and the resources necessary to conduct weeklong tests. Some qualitative measurements exist. These are based on the pressure and mass spectrum of the residual gases measured during the pumping of instrument dewars in preparation for getter activation. We tried three different treatments on a stray light blocking component: Fountain Plating black nickel, Avian Black paint, and Pioneer Metal Finishing Optical Black Anodize. In general black nickel gave the best vacuum. No evidence of hydrocarbons was observed and over a period of many months the dewar pressure was a factor of 5 to 10 lower than the other coatings. Avian Black continued to outgas organics for a prolonged time and the level of water vapor was about three times worse than the black nickel. Optical Black Anodize was free of hydrocarbons but the water outgassing was higher and decreased only very slowly.
We tried an experiment with aluminum samples coated with Optical Black Anodize using the apparatus shown in figure  12 . The side tube used as an outgas test chamber was baked to reduce the pressure to 10 -8 torr. The chamber was opened, loaded with the samples and pumped. Later the test chamber was baked at 120 C over a weekend. This reduced the water vapor by 4 orders of magnitude yielding an outgas rate of 1.5 x 10 -11 torr liter/ sec cm 2 . We removed the vacuum baked parts and exposed them to ambient air for 3 hours. When tested the outgas rate reverted back to the value for the original unbaked parts.
APPLICATION OF BLACK COATING TO A LIGHT TRAP/AIR VENT
One application of infrared black coatings is in the implementation of a light trap. There are situations where one desires to allow air flow out of a closed volume but not allow a significant amount of light to enter. One needs a structure that has minimal transmission of light while allowing adequate gas flow. This is done with a configuration through which light can pass only after multiple encounters with black absorbing surfaces. Keeping the length of the path through the structure relatively short (maybe 10 times the transverse dimension) ensures good gas flow.
The example shown in figure 14 has a circuitous channel machined in a block of aluminum. A black coating is applied to both the channel and the thin cover plate that seals it off. This cover plate contains the entrance aperture to the light trap. We used diamond like carbon (DLC) to coat the aluminum block and the cover plate because of its very low outgassing.
As shown in figure 3 the reflectance from DLC is almost totally specular. To evaluate the optical transmission of the light trap we selected 10,000 rays randomly distributed on the entrance aperture. These rays were then traced through the structure using the software application FRED 6 . Specular reflection from the interior surfaces was assumed. For a reflectivity of 20 %, which is at the high end of what was measured in the LWIR, the optical transmission through the light trap is 7 x 10 -8 . FRED may also be used to calculate the flow conductance. Vacuum levels of interest (< 10 -4 torr) are in the free molecular flow regime where the mean free path is much larger than any of the light trap dimensions. Gas molecules pass through with the only collisions being with the internal surfaces of the light trap. Between collisions they travel in straight lines. Although the DLC coating is very smooth it is rough on the atomic scale. One can therefore model the interaction of the gas molecules with the DLC coated surfaces as diffuse scatter.
CONCLUSIONS
The purpose of this work was to look for acceptable alternatives to DLC as an infrared black coating for use in sealed dewars. DLC is still the standard for low outgassing with a rate comparable to that of bare stainless steel. The downsides of DLC are cost, a high deposition temperature approaching 200ºC, and the need for the surface to be accessible to an oscillating gas flow (no recesses or constricted volumes). One lesson from the light trap analysis is that coatings do not need extremely low reflectivity to be useful. With the proper geometry a reflectivity in the range of 10-20% can be effective for suppressing stray light. Coatings with very low reflectivity generally have a surface structures which trap incident light. However, such structures are associated with an effective surface area that is much greater than its geometric value and provide many more sites for water molecule adsorption. This results in high water vapor outgassing.
Black paints require no specialized equipment other than a sprayer and are inexpensive. With vacuum baking, levels of organic contaminants can be reduced. Potential issues include uniformity and thickness of the coating which can exceed 50 µm. Direct access to the surface is required for paint application. Proper formulation is required for good adhesion at cryogenic temperatures and to avoid particles breaking free.
Electrodeposited coatings can be very thin (≤ 1 µm) and potentially conformal, so thin uniform coatings can be achieved on complex shapes. With most there is generally no problem with adhesion or particle shedding with cryogenic temperature cycling. The cost of a standard process is relatively modest. Some electrodeposited coatings appear to have an acceptable combination of low reflectivity and low outgassing. Testing of outgassing and spectral reflectivity will continue.
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